Abstract. Allele-specific markers for important genes can improve the efficiency of plant breeding. Their value can be enhanced if effects of the alleles for important traits can be estimated in identifiable types of environment. Provided potential bias can be minimised, large, unbalanced, datasets from previous plant-breeding and agronomic research can be used. Reliable, allele-specific markers are now available for the phenology genes Ppd-D1, Vrn-A1, Vrn-B1 and Vrn-D1, the aluminium-tolerance gene TaALMT1, and the plant-stature genes Rht-B1 and Rht-D1. We used a set of 208 experiments with growing-season rainfall of <347 mm from southern Australia to estimate the effects of seven frequent combinations of the phenology genes, an intolerant and a tolerant allele of TaALMT1, and two semi-dwarf combinations Rht-B1b + Rht-D1a (Rht-ba) and Rht-B1a + Rht-D1b (Rht-ab) on grain yield in lower rainfall, Mediterranean-type environments in southern Australia. There were 775 lines in our analyses and a relationship matrix was used to minimise bias.
Introduction
Crops of wheat (Triticum aestivum L.) in southern Australia are sown in late autumn and early winter, and they mature at a time of rising temperatures during late spring and early summer. For this study, southern Australia consists of the wheat-growing areas in the states of South Australia, Victoria, and New South Wales south of Parkes (Lazenby et al. 1994) . Climatically, this is a mostly Mediterranean-type environment with predominantly winter rainfall, but with an increasing proportion of summer rainfall with decreasing latitude in New South Wales and substantial seasonal variability in rainfall and temperature (Farrer 1898; Passioura 2006; Nidumolu et al. 2012) . Insufficient seasonal rainfall and high temperatures during grain filling can limit grain yield (Hochman et al. 2009; Kirkegaard and Hunt 2010) , as can soil constraints that limit root growth and access to soil water (Richards 2008; McDonald et al. 2012) . From the time of Farrer (1898), substantial effort has been made to develop wheat cultivars adapted to these lower rainfall environments, and the effort continues.
Due largely to the complex and variable environment where wheat is grown in Australia, genotype Â environment interactions are often large (Basford and Cooper 1998) . For example, the best genotype, or cultivar, for grain yield in one season often is not the best genotype in another season. Environmental classifications based on geographical regions, or soil type, are highly repeatable, but soil constraints such as acidity might be altered by management decisions such as liming. By contrast, seasonal differences in rainfall at a given location are far less repeatable. This has led to efforts to understand and partition the biological and environmental causes of the interactions, and increase the repeatable, or predictable, portion of these interactions at the expense of the nonrepeatable portion (Basford and Cooper 1998) . In addition to better understanding and defining the environmental component of genotype Â environment interactions, the genotypic component can be better understood and defined by the development of molecular technologies, especially allelespecific markers for important genes. Basford and Cooper (1998) suggested that phenology and aluminium (Al) tolerance might be targets for improving our understanding of genotype Â environment interactions in Australian wheat production, and since then substantial progress has been made towards understanding and developing allele-specific markers for the genes involved (Raman et al. 2008; Cane et al. 2013 ). In addition, progress has been made towards developing allelespecific markers for the genes responsible for the semi-dwarf genotypes that dominate southern Australian wheat production (Ellis et al. 2002; Eagles et al. 2009; Fischer 2011) .
Most likely, the Ppd-B1, Ppd-D1, Vrn-A1, Vrn-B1 and Vrn-D1 genes have a central role in achieving phenological development patterns suitable for southern Australia, with molecular characterisation revealing the origins and distributions of several combinations of alleles in successful cultivars (Pugsley 1983; Eagles et al. 2009; Trevaskis 2010; Cane et al. 2013) . Frequent alleles of Ppd-D1, Vrn-A1, Vrn-B1 and Vrn-D1 can be accurately identified with current molecular techniques, but not alleles of Ppd-B1 (Cane et al. 2013) .
The genes Vrn-A1, Vrn-B1 and Vrn-D1 are MADS box transcription factor genes located on chromosomes 5A, 5B and 5D (Trevaskis et al. 2003) , while Ppd-B1 and Ppd-D1 are pseudoresponse regulator genes located on chromosomes 2B and 2D (Beales et al. 2007; Díaz et al. 2012) . Allelic variation in both classes is complex and involves insertions and deletions, copynumber variation, and single-nucleotide changes (Beales et al. 2007; Guo et al. 2010; Díaz et al. 2012; Oliver et al. 2013) . While undoubtedly affecting the timing of flowering, the magnitude of effects of these regulatory genes on other traits associated with growth and development requires substantially more research (González et al. 2005; Borràs-Gelonch et al. 2012; Cane et al. 2013) . In this paper, we will use the allele designations proposed by Cane et al. (2013) .
Aluminium tolerance in wheat is a polygenic trait, but one gene, TaALMT1, which is located on chromosome 4DL, is of particular importance in providing tolerance (Sasaki et al. 2004; Raman et al. 2008; Ryan et al. 2011) . The efflux of malate due to the activity of this Al-activated malate transporter gene is hypothesised to provide tolerance by chelating and reducing the toxicity of Al 3+ cations around sensitive root apices (Sasaki et al. 2004; Ryan et al. 2011) , with tolerance associated with tandemrepeated elements in the promoter (Raman et al. 2008; Ryan et al. 2011 ). As we only consider wheat in this paper, this gene will be designated ALMT1, with the promoter alleles given the Roman numeral codes used by Raman et al. (2008) . For example, the common intolerant allele in Australian cultivars will be designated ALMT1-I, and the common, more tolerant allele ALMT1-V (Table 1) . Allele-specific molecular markers are now available for identifying these promoter alleles (Raman et al. 2008) .
The semi-dwarf stature considered in this paper is determined by the Rht-B1 and Rht-D1 genes on chromosomes 4BS and 4DS (Ellis et al. 2002; Wilhelm et al. 2013) . The gibberellininsensitive Rht-B1b allele and largely photoperiod-insensitive Ppd-D1a allele were principally introduced into Australian wheat breeding from 'WW15', a line Pugsley (1983) considered to be 'the most significant wheat introduced to Australia this century'. These cultivars carry the Rht-B1b/Rht-D1a semi-dwarf genotype, formerly known as Rht1 semi-dwarfs. Henceforth, these will be abbreviated to Rht-ba. This combination has persisted for decades, but although almost all current cultivars are semi-dwarf, many successful cultivars do not contain Rht-ba. These cultivars carry Rht-B1a/Rht-D1b, and they were formerly known as Rht2 semi-dwarfs. Henceforth, these will be abbreviated to Rht-ab. The Rht-D1b allele was introduced from MEC3 (pedigree: Sonora 64//Tezanos Pintos Precoz/Yaqui 54) into cultivars related to Spear and Dagger, or from Pavon F 76 (Eagles et al. 2009 ). There are other, less important sources of both Rht-ba and Rht-ab (Gale and King 1988) , but the gibberellin-insensitive Rht-B1b and Rht-D1b alleles in all Australian cultivars trace back to the (Wilhelm et al. 2013) , which we will consider again later in this paper. The Rht genes code for DELLA proteins, which are transcription factors that affect plant growth and stress tolerance (Wilhelm et al. 2013) . In southern Australia, the difference between the Rht-ba and Rht-ab semi-dwarf genotypes with respect to heading date is negligible (Fischer and Quail 1990; Cane et al. 2013) , which was also the case in Germany and the USA (Börner et al. 1993; Butler et al. 2005) . However, the Rht-ba genotype was taller than the Rht-ab in Australia, Germany, China and the UK (Fischer and Quail 1990; Börner et al. 1993; Tang et al. 2009; Kumar et al. 2011) , suggesting that these genotypes might not be identical for growth and/or development. Although not statistically significant, the Rht-ba genotype was also taller than Rht-ab in the four environments used by Butler et al. (2005) in the USA. In a limited number of irrigated experiments in southern New South Wales, Fischer and Quail (1990) suggested that the Rht-ab genotype might have a yield advantage over the Rht-ba genotype at lower yield levels. Given that both Rht-ba and Rht-ab genotypes are grown in southern Australia, an analysis of their relative effects on grain yield in a wide range of environments, including low rainfall environments, seems justified.
When allele-specific markers are developed, a rapid and efficient method to estimate the effects of these alleles on traits of importance in the target population of environments is the use of statistical methods appropriate for unbalanced datasets in large, existing, plant-breeding and agronomic research populations (Eagles and Moody 2004; Eagles et al. 2012) . Bias is a potential disadvantage, but can be minimised by the inclusion of relationship matrices (Kennedy et al. 1992) . For wheat, we used this method for grain quality traits and heading date (Cane et al. 2008 (Cane et al. , 2013 , with close agreement between overall analyses and subsets of related cultivars (Eagles et al. 2010 (Eagles et al. , 2012 . When genotype Â environment interactions are of interest, this method has the advantage of providing data from a large number of environments, but a disadvantage, which will be discussed later, is that the environments are generally within the range of recommended management options used by farmers in the region of interest and are not as comprehensively characterised as in detailed agronomic experiments. For example, sites with highly acid soils are usually not included in these types of experiments, whereas they might be in designed experiments, and soil moisture and chemical characterisations are generally not available. An important limitation is that allelic variation for the genes, or combinations of genes, must be present at intermediate frequencies. In the present study, this occurred for seven combinations of Ppd-D1 + Vrn-A1 + Vrn-B1 + Vrn-D1, two promoter alleles of ALMT1, and the Rht-ba and Rht-ab genotypes ( Table 1) .
The objective of this study was to estimate the effects on grain yield of combinations of frequent alleles of the phenology genes Ppd-D1, Vrn-A1, Vrn-B1 and Vrn-D1, the Al-tolerance gene ALMT1, and the reduced-height genotypes Rht-ba and Rht-ab on grain yield in a diverse set of lower rainfall environments in southern Australia. Knowledge of advantageous alleles for specific types of environments within the larger southern Australian environment should enhance the efficiency of breeding improved cultivars for southern Australia and other regions of the world where wheat is grown in moisturestressed, Mediterranean environments.
Materials and methods

Locations and experiments
There were 208 experiments used in these analyses, from 28 locations in southern Australia ( Table 2 ). The experiments spanned the years 1987-2012. The experiments were grown on soils that were mildly alkaline (pH 7-8.5), neutral, or mildly acid (pH 4.8-5.5). The general classifications were derived from National Land and Water Resources Audit (2001). There were some pH measurements specific to individual experiments, and these were in general agreement with the map from National Land and Water Resources Audit (2001) .
All experiments were grown as part of agronomic or plant breeding research using appropriate agronomic management, such as sowing rates and fertiliser rates, for the each particular experiment. The agronomic experiments were time-of-sowing experiments with sowing dates within the range used by farmers in southern Australia. The experiments contained both released cultivars and unreleased breeding lines. These will be referred to as lines. As in Eagles and Moody (2004) , plot sizes varied among experiments, but most of these experiments used plot sizes similar to the Stage 3 and Stage 4 experiments described in that paper. All except one were replicated, with 2-6 replications. The earlier experiments used a randomised-complete-block design, while lattice designs were more common in later experiments.
The experiments were restricted to those without known frost damage and where daily meteorological data were available, mainly from the Patched Point Dataset described by Jeffrey et al. (2001) . The sowing date range for the 208 experiments was 1 May-8 July, with a mean of 4 June.
Three full-season parameters were used ( Table 3 ). The first, growing-season rainfall, was the same as the parameter used by French and Schultz (1984) , and was defined as accumulated rainfall between 1 April and 31 October. A rainfall/evaporation parameter was calculated by dividing growing-season rainfall by growing-season evaporation (Nidumolu et al. 2012) . Bennett et al. (2012a) suggested that the proportion of rainfall received during the vegetative stage relative to growing-season rainfall might be important for classifying environments for wheat production in lower rainfall environments in southern Australia, so a rainfall ratio parameter was calculated as the ratio of rainfall between 1 April and 15 September to growingseason rainfall.
Three spring parameters were considered (Table 3 ). The first was mean maximum temperature for 15 September-31 October. The second, vapour-pressure deficit, was calculated because it was known to influence grain yield in semi-arid environments around flowering and early grain-filling (Dreccer et al. 2007; Gourdji et al. 2013) . The parameter we calculated was the same as the parameter described by Dreccer et al. (2007) . A hightemperature index was calculated in the same way as in Panozzo and Eagles (1998) . The base temperature of 308C for this calculation was the same as used by Kuchel et al. (2007) . Other time-periods in spring were evaluated, including ones where heading dates were estimated, but none was superior to these three simpler parameters.
An environmental index for each of the 208 environments was calculated by regressing grain yield means of the 208 environments on four environmental parameters from Table 3 : sowing date, growing-season rainfall, mean maximum temperature and vapour-pressure deficit. The high temperature index mentioned previously was tried, but was inferior to mean maximum temperature and vapour-pressure deficit and was not included in the calculation of the index.
As our objective was to consider gene effects in lower rainfall environments, only experiments with <347 mm growing-season rainfall were included in our analyses. Response to further rainfall above this level is normally small (Hannah and O'Leary 1995) .
Classification of Ppd-D1, Vrn-A1, Vrn-B1, Vrn-D1, ALMT1, Rht-B1 and Rht-D1 genes Template DNA was extracted from bulked leaf tissue from five or six seedlings of each line using the methods described in Cane et al. (2004) .
As in Cane et al. (2013) , alleles of Ppd-D1 were identified by a sequential elimination using diagnostic markers. First, lines carrying Ppd-D1a, with a large deletion in the promoter region, were identified by the method described in Beales et al. (2007) and Eagles et al. (2009) . Second, lines not classified as Ppd-D1a were characterised for Ppd-D1d, which has a deletion in exon 7, using the method described in Cane et al. (2013) . Third, lines not carrying either Ppd-D1a or Ppd-D1d were characterised for Ppd-D1c, with a mariner-like transposable element in intron 1, using the method described in Cane et al. (2013) . Lines not characterised as Ppd-D1a, Ppd-D1c or Ppd-D1d were designated as Ppd-D1b.
Alleles of Vrn-A1, Vrn-B1 and Vrn-D1 were identified using methods described previously (Eagles et al. 2009; Cane et al. 2013) .
Promoter alleles of ALMT1were identified using a method slightly modified from that of Raman et al. (2008) . Primer sequences were the same as for the long promoter fragment (LPF) and the short promoter fragment (SPF) described by Raman et al. (2008) . For the LPF, primer concentration was 0.4 pmol/mL in a 10-mL reaction; amplification was achieved using 0.5 units of Bioline MyTaqÔ HS Red DNA polymerase with the accompanying buffer. After an initial denaturation at 958C for 3 min, 30 cycles at 958C for 15 s, 608C for 20 s, and 728C for 1 min 15 s were performed, after which the reactions were held at 108C before being separated on 1% TBE-agarose gels. Discrimination between ALMT1-I and ALMT1-II alleles (1190 and 1221 bp, respectively) is extremely difficult with the resolution provided by this method, and these were identified using the SPF primers at 1 pmol/mL in a standard 35-cycle PCR reaction using Bioline MyTaqÔ Red DNA polymerase, annealing at 638C for 30s. The PCR products for the SPF were separated using PAGE. As ALMT1-II alleles were found to be relatively rare in a subset of the lines used for this study, and from the work of Raman et al. (2008) unlikely to contribute to Al tolerance, for the purposes of this analysis the ALMT1-II alleles were grouped with the ALMT1-I alleles.
Alleles of Rht-B1 (a or b) and Rht-D1 (a or b) were classified as in Eagles et al. (2009) using the method of Ellis et al. (2002) . Wilhelm et al. (2013) were identified using the multiplex PCR method described by those authors. We used 1 pmol/mL of the forward primer Rht-F11 in combination with 0.33 pmol/mL each of reverse primers 160-R1, 197-R1 and Rht-ABD-R9 in 10-mL reaction volumes; initial denaturation was at 958C for 3 min followed by amplification with Bioline MyTaqÔ Red DNA polymerase over 32 cycles of 958C for 30 s, 608C for 30 s and 728C for 90 s, where necessary reactions were held at 128C before electrophoresis through 1.5% TAE-agarose gels (Wilhelm et al. 2013) .
Genotypes
From classifications for Vrn-A1, Vrn-B1, Vrn-D1, ALMT1, Rht-B1 and Rht-D1, lines were identified that were not mixed at any of the loci and had the alleles listed in Table 1 . As in our previous work (Cane et al. 2013) , only lines with accurate pedigrees and agreement between alleles identified and expectations from the pedigrees were used. Most were from F 5 or later generations, and were regarded as inbred for these analyses. There were 775 lines that met these criteria. Lines containing alleles other than those in Table 1 were identified, and the relevance of some of these will be discussed later. 
Statistical analyses
Our unbalanced data were analysed using the REML directive in GENSTAT (Payne et al. 2003) . Our statistical procedures were similar to those used in Eagles and Moody (2004) and Cane et al. (2013) , except that a two-stage procedure was used. This was necessary because of the large size of the dataset, and the inclusion of a relationship matrix. In the first stage, line means and their standard errors were estimated for each experiment. Where possible, lattice or spatial analyses were used, but this was not always possible, especially for older experiments, which were designed to be analysed by analysis of variance.
In the second stage, the 4405 experiment-line means from the first stage were analysed, with the reciprocal of the standard errors squared used as weights. Grain yields were expressed in units of kg/ha Â 10 À2 for these statistical analyses, and variance components are presented without conversion. Mean yields were re-converted to units of kg/ha for presentation. Lines and experiments were included in the random part of the mixed model. Where included, the environmental parameters and genotypes (PV, ALMT1 or Rht, see Table 1) , and their interactions, were included in the fixed part of the model. To minimise bias due to non-random distribution of other genes affecting grain yield, a relationship matrix was included (Kennedy et al. 1992 ) using the VSTRUCTURE directive in GENSTAT. Because of the two-stage procedure that we used, the lines Â environments component was not separated from the within-experiments error component.
Grain yield means were calculated using the means option in REML. To minimise bias, a relationship matrix was included for all these calculations.
Results and discussion
Environments
The mean grain yield for these 208 experiments was 3009 kg/ha, with a range of 768-6599 kg/ha. The data are unbalanced, with no line grown in all experiments; nevertheless, there is little doubt of the almost 8-fold difference in grain yield between the experiments with the lowest and highest grain yield.
Growing-season rainfall ranged from 76 to 346 mm, with a mean of 241 mm. The rainfall/evaporation parameter, which was also calculated for 1 April-31 October, ranged between 0.10 and 0.77, with a mean of 0.41. Interestingly, for 26 of the 208 experiments this ratio was below the value of 0.26 that Nidumolu et al. (2012) considered as the limit for reliable crop production. The ratio of rainfall between 1 April and 15 September and growing-season rainfall ranged between 0.54 and 0.98, with a mean of 0.80. As expected, grain yield was positively correlated with growing-season rainfall, but the correlation with rainfall/ evaporation ratio was even higher (Table 4) , agreeing with the inference from Nidumolu et al. (2012) that this simple ratio might be better than rainfall alone for defining the suitability of particular environments for wheat production.
The environmental index included sowing date, growing season rainfall, mean maximum temperature between 15 September and 31 October, and mean vapour-pressure deficit for the same period in spring. The regression coefficients estimated during the calculation of the index were -14.9 AE 4.3 for sowing date, +4.78 AE 1.4 for growing season rainfall, +405 AE 107 for mean maximum temperature and -447.7 AE 77.8 for mean vapour-pressure deficit. The regression coefficients were significantly different from zero, with t-values of -3.5, +3.5, +3.8 and -5.8. Vapour-pressure deficit is highly correlated with mean maximum temperature (Table 4) , and so a three-parameter model of growing season rainfall, sowing date and mean maximum temperature between 15 September and 31 October was calculated. The regression coefficients for this model were -10.9 AE 4.6, +7.88 AE 1.4 and -143.5 AE 52.9, indicating that grain yield was reduced by late sowing, low growing-season rainfall and high temperatures during spring. This is common in semi-arid environments, such as the environments we used in southern Australia (French and Schultz 1984; Kirkegaard and Hunt 2010) . In a further model with only growing-season rainfall, the coefficient was +9.6 AE 1.2. Therefore, ignoring stored water, sowing date and spring temperature, in these lower rainfall environments grain yield increased by~10 kg/ha for each 1-mm increase in growing-season rainfall.
Several rainfall and temperature environmental parameters were correlated with each other (Table 4 ). Significant correlations between temperature and rainfall parameters are common in southern Australia (Pritchard et al. 2000; Kuchel et al. 2007 ). This emphasises the difficulty of attributing grain yield and other traits to individual environmental parameters under natural field conditions.
Variance components for genotypic factors
The inclusion of the Ppd-D1 + Vrn genotypes (Table 1) in the model reduced the estimate of the lines variance from 2.20 to 1.65 (Table 5) , for a reduction of 25% (from (2.20 -1.65)/2.20)). These genes are important determinants of time to flowering (Cane et al. 2013) , so our result agrees with the suggestion of McDonald et al. (2012) that flowering time makes an important contribution to variation for grain yield in southern Australia. However, the reduction was substantially less with the inclusion of a relationship matrix in the statistical analysis (4%), suggesting potential bias due to other genes in unadjusted analyses. Reductions due to ALMT1 or Rht were small in these overall analyses (Table 5 ).
Variance components due to environmental factors
The inclusion of sowing date in the fixed part of the REML model produced only a minor reduction of the in the estimate of the variance due to environments of 1.4%, but growing-season rainfall produced a substantially greater reduction of 27.6% (Table 5 ). The reduction due to the rainfall/evaporation ratio was even greater (33.78%).
For the spring environmental parameters, the reduction due to vapour-pressure deficit between 15 September and 31 October was greater than the reduction due to mean maximum temperature (Table 5) . As expected from its method of calculation, the reduction due to the environmental index was greatest, with a reduction of 38%, again confirming the long-standing acceptance of the influence of rainfall and temperature on wheat production in lower rainfall environments in southern Australia.
Interactions between genetic and environmental factors
Whereas the growing-season factors rainfall and the ratio of rainfall to evaporation were more important for explaining variation among experiments (Table 5) , the greatest interactions between genotypes, or genes, and environmental parameters occurred with sowing date (SD) and mean maximum temperature between 15 September and 31 October (Table 6 ). The interaction between the phenology genes and the ratio of rainfall in the earlier part of the growing season to total rainfall was also significant, reinforcing the potential importance of environmental conditions later in the growing season to the effects of these genes. In particular, F-tests for interactions between mean maximum temperature and the ALMT1 and Rht genotypes were highly significant, so we will be examine these in more detail. Multiplicative temperature Â vapour-pressure deficit parameters, as suggested by Gourdji et al. (2013) , were also tried, but were not superior to simpler mean maximum temperature.
Effect of Ppd-D1
Pairwise differences between genotypes comparing Ppd-D1a with Ppd-D1d were generally small and not statistically significant (Table 7 ). The only statistically significant differences between Ppd-D1a and Ppd-D1d for grain yield occurred in the 25 experiments with lowest mean maximum temperatures, which also produced yields higher than average (Table 7 ). In the comparison between aaav and daav in these environments, the earlier heading genotype from Cane et al. (2013) produced significantly higher yields, but in the comparison between avav and dvav, the later heading genotype from Cane et al. (2013) produced significantly higher yields. This suggests that there was not a simple relationship with phenology. In a population from a cross between cv. Cranbrook (Ppd-D1a) and cv. Halberd (PpdD1d), Borràs-Gelonch et al. (2012) found effects at this locus on tillering and other traits with the potential to influence grain yield, so these might have been involved.
As we discussed in the Introduction, alleles need to present at intermediate frequencies to be amenable to the statistical analyses used in this paper. Because of this requirement, an allele not included was Ppd-D1b, the allele likely to be most responsive to photoperiod (Guo et al. 2010; Cane et al. 2013 ). This allele is present in modern Australian germplasm, and its effects, especially across sowing dates, warrants further research.
Effects of the Vrn1 genes
Across all environments, no differences in pairwise comparisons designed to evaluate effects for Vrn-A1 or Vrn-D1 were statistically significant (Table 8 ). However, in the two pairwise (Table 8) . Considering only the alleles evaluated in this paper, Vrn-B1 has the smallest effect on heading date of the Vrn1 genes (Eagles et al. 2010 ), but appears to have the greatest effect on grain yield (Table 8) . Interestingly, from Macindoe and Walkden Brown (1968) and Eagles et al. (2009) , many of the most important cultivars in southern Australia over the past century (Federation, Nabawa, Bencubbin, Gabo, Insignia, Olympic and Yitpi) carry the Vrn-B1a allele, suggesting that it might be more desirable than Vrn-B1v in southern Australian wheat production environments. Furthermore, VrnB1a was introduced into the population we analysed from several unrelated sources, including cvv. Spear, Pavon F 76 and Gabo (Eagles et al. 2009 ), suggesting that its positive effect is not due to a closely linked gene. Unfortunately, as both cv. Cranbrook and cv. Halberd carry Vrn-B1a, this gene was not segregating in the Cranbrook/Halberd population studied by Borràs-Gelonch et al. (2012) . Also, cv. Trident and cv. Molineux carry Vrn-B1a, so it was not segregating in the Trident/Molineux studied by Kuchel et al. (2007) . Further studies will be required to determine how this transcription factor gene affects grain yield. Vrn-A1a and Vrn-A1v were at high enough frequencies to be included in our analyses. Vrn-A1b, another allele of the same gene, is present in modern Australian germplasm, but was not at a high enough frequency to be included. Previously, we gave cv. Yenda as an example of a modern cultivar carrying Vrn-A1b, but it is also in cv. EGA Eaglehawk, which was released in 2007 and is a spring cultivar suggested for early sowing dates in low latitude parts of the Australian wheatbelt (Lush 2013) . EGA Eaglehawk also carries the photoperiod-sensitive Ppd-D1b allele, as does cv. Ellison, which is also suggested for early sowing dates at low latitudes. To our knowledge, Vrn-A1w, which we described previously (Eagles et al. 2011; Cane et al. 2013) , is not present in contemporary Australian cultivars, but is in the CIMMYT Veery and Attila groups of wheat (Eagles et al. 2011) . The value of both Vrn-A1b and Vrn-A1w in Australian wheat breeding, especially for developing cultivars suitable for early sowing, should be investigated. 
Effect of ALMT1
Across all 208 environments, the difference between the ALMT1-I and ALMT1-V alleles was negligible (Table 9) . However, at the earliest sowing dates, the ALMT1-I allele was significantly higher yielding than the ALMT1-V allele, while the reverse occurred for later sowing dates. The ALMT1-I allele produced statistically higher yields in environments with the lowest mean maximum temperatures, while the reverse effect was approaching significance in environments with the highest mean maximum temperatures ( Table 9 ). The difference between the two alleles was small and not significant at locations classified as mildly acid, but the ALMT1-V allele was advantageous at the locations classified as mildly alkaline (Table 9 ).
There is little doubt of the advantage of Al tolerance on highly acidic soils (Kochian et al. 2005; Raman et al. 2008; Ryan et al. 2011) . However, in paired comparisons between closely related lines, Scott et al. (2001) found a significant advantage for Altolerant lines compared with Al-intolerant lines on highly acid soils, but on a mildly acid soil at Wagga Wagga, which was one of our locations (Table 2) , the difference was not significant (table 3 of Scott et al. 2001) . From Raman et al. (2008) , the intolerant lines used by Scott et al. (2001) carried ALMT1-I, whereas the tolerant lines carried ALMT1-V, corroborating our finding that there is probably negligible advantage of ALMT1-V on mildly acid soils. Furthermore, liming is a recommended practice at the locations we used (Scott et al. 2007) , so many of the 60 experiments in these locations would have been on soils where lime had been applied. For farmers with a diverse range of acidity on their properties, cultivars with ALMT1-V might allow flexibility, provided there is no substantial disadvantage to this allele on mildly acid to neutral soils.
At locations with mildly alkaline soils, the effect of ALMT1-V was to increase grain yield (Table 9) . Although only mildly alkaline in the topsoil, many of these locations have toxic levels of Al ions in their subsoils, where the pH can exceed 9.0 (Ma et al. 2003; Brautigan et al. 2012) . Therefore, ALMT1-V might be involved in reducing Al toxicity. However, the ALMT1 gene is associated with the efflux of malate (Sasaki et al. 2004; Ryan et al. 2011) , which has been suggested to enhance the uptake of some essential elements in alkaline soils (Ström et al. 2005; Colla et al. 2010) , providing another possible explanation. Regardless of the mechanism, ALMT1-V should contribute to yield potential in this environment, and in fact, we found that many successful cultivars over the past century carry this allele (e.g. Bencubbin, Gabo, Olympic, Spear, Yitpi and Wyalkatchem).
Cultivar Trident carried ALMT1-V, cv. Molineux carried ALMT1-I, cv. Kukri carried ALMT1-V, and the breeding lines RAC875 carried ALMT1-I, so the Trident/Molineux population studied by Kuchel et al. (2007) and the RAC875/Kukri population studied by Bennett et al. (2012a Bennett et al. ( , 2012b were both segregating at the ALMT1 locus. ALMT1 is located on chromosome 4D, and in both populations, a QTL was detected on this chromosome. In the Trident/Molineux population, the positive allele for grain yield on chromosome 4D came from Trident (Kuchel et al. 2007) . However, in the RAC875/ Kukri population, the positive allele in southern Australia came from RAC875 (Bennett et al. 2012a ), but in a heat environment in Mexico it came from Kukri (Bennett et al. 2012b ). Similarities to these interactions and effects were observed in our study (Tables 6 and 9 ), but clearly more work is required to determine the contribution of ALMT1 to the QTL effects observed in the Trident/Molineux and RAC875/Kukri populations.
Two other alleles were found, ALMT1-III and ALMT1-IV, but not at high enough frequencies to be included in the analyses used in this paper. Cultivars Mira and EGA Bonnie Rock, and their progeny, carried ALMT1-III. Cultivar Magenta carried ALMT1-IV. As already noted by Raman et al. (2008) , Baviacora M 92, a cultivar in the Veery group from CIMMYT, carried ALMT1-IV, as did Currawong, an Australian, acid-soil-tolerant winter cultivar from a cross involving a Veery parent (Martin et al. 1995; Eagles et al. 2011) . We found ALMT1-IV along the pathway Besostaya 1 to Kavkaz to Veery to Attila, so this allele is present in cultivars of great importance in India and other parts of the world (Rajaram et al. 1983; Eagles et al. 2011; Singh et al. 2013) . In fact, ALMT1-IV followed the same pathway from Russian winter cultivars to spring cultivars adapted to low latitudes as the Vrn-A1w allele described by Eagles et al. (2011) and, like that allele, seems to be under selection. More work is warranted on the contribution of both ALMT1-IV and Vrn-A1w to the adaptation of modern, highyielding cultivars in the Veery and Attila groups, but there is little doubt that diagnostic markers for ALMT1 should assist in the efficient development of new cultivars.
Rht-ba v. Rht-ab
Across all experiments, there was very little difference between Rht-ba and Rht-ab semi-dwarfs for grain yield (Table 9) . However, there was a significant advantage for Rht-ab semidwarfs in environments with the highest mean maximum temperatures between 15 September and 31 October (Table 9 ). In these 208 experiments, mean maximum temperatures ranged from 18.848C to 25.638C. As there was a suggestion of a crossover interaction, the point of concurrence was calculated using the method of Eagles et al. (1977) and Eagles and Moody (2004) and found to be at 20.688C. Therefore, in this set of 208 lower rainfall environments, the expected advantage of Rht-ab occurred in >80% of the environments, suggesting that it is the desirable genotype in environments where moisture stress and high temperatures occur during the flowering and grain-filling periods. A population from the cross between cvv. Sunco and Tasman segregates for both Rht-B1b and Rht-D1b. From measurements of leaf porosity on this population before heading, Rebetzke et al. (2013) found that Rht-B1b increased leaf porosity, but Rht-D1b decreased leaf porosity. A decrease in leaf porosity before heading might slow transpiration and water use early in the growing season, leaving more soil moisture for later in the season (Rebetzke et al. 2013) . Furthermore, the negative effects of high temperatures after heading are likely increase when soil moisture is limiting (Panozzo et al. 1999) . Therefore, conservation of water early in the season for use later provides a physiological explanation for the advantage we observed for Rht-ab semi-dwarfs relative to Rht-ba semi-dwarfs in low-rainfall environments with high spring maximum temperatures.
Most of the 487 lines with the Rht-B1a allele carried the same allele as cv. Chinese Spring, but six lines in the dataset we analysed carried the allele with a 197-bp insertion that Wilhelm et al. (2013) found in cv. Cappelle Desprez. This allele could be traced back through pedigrees to cv. Gluyas Early (released around 1894) to cv. Bencubbin (released 1929), cv. Tincurrin (released 1977) and cv. Bodallin (released 1981). Cultivar Tammin (released 1995) carried the allele with the 197-bp insertion, as did long-season cv. Beaufort (released in 2008) , so this allele is still likely to be present in modern germplasm.
Statistical analyses were conducted without the six lines carrying the Rht-B1a allele with the 197-bp insertion, with the results almost identical to those in Table 9 . This was likely due to the small number of lines with this classification. Estimation of the effects of this allele as a component of the Rht-ab genotype will require a different methodology to that use in this paper, such as near-isolines or doubled-haploid populations.
Wheat breeding implications
There was very little difference among the seven frequent combinations of alleles of Ppd-D1, Vrn-A1, Vrn-B1 and Vrn-D1 on grain yield across the 208 lower rainfall experiments used in this study. These seven genotypes did not include winter or very early lines, nor did they include longer season spring lines. From previous work (Eagles et al. 2010; Cane et al. 2013) , the headingdate range was narrow compared with the full range in cultivars available to farmers. Nevertheless, our analyses suggested that Vrn-B1a might be superior to Vrn-B1v, information that could be utilised in practical wheat breeding.
The ALMT1-V allele, which confers Al tolerance, was advantageous on alkaline soils. Although not statistically significant, tolerance is likely to be most advantageous under high temperature conditions in spring, when soil moisture is likely to be limiting. This is the same situation where the Rhtab genotype is advantageous, and some of the most successful cultivars for alkaline soils in southern Australia, such as cvv. Yitpi and Wyalkatchem and their progeny (e.g. cvv. Mace, Scout and Corack), carry this combination. This suggests that the maintenance of the combination of Vrn-B1a plus ALMT1-V plus Rht-ab in breeding populations designed to produce cultivars for locations where seasons with lower rainfall are relatively frequent would be worthwhile as selection is practised for disease resistance and other traits.
